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National Centre for Biological Sciences, Tata Institute of Fundamental Research, Bangalore, IndiaABSTRACT The prion protein appears to be unusually susceptible to conformational change, and unlike nearly all other pro-
teins, it can easily be made to convert to alternative misfolded conformations. To understand the basis of this structural plasticity,
a detailed thermodynamic characterization of two variants of the mouse prion protein (moPrP), the full-length moPrP (23–231)
and the structured C-terminal domain, moPrP (121–231), has been carried out. All thermodynamic parameters governing
unfolding, including the changes in enthalpy, entropy, free energy, and heat capacity, were found to be identical for the two pro-
tein variants. The N-terminal domain remains unstructured and does not interact with the C-terminal domain in the full-length
protein at pH 4. Moreover, the enthalpy and entropy of unfolding of moPrP (121–231) are similar in magnitude to values reported
for other proteins of similar size. However, the protein has an unusually high native-state heat capacity, and consequently, the
change in heat capacity upon unfolding is much lower than that expected for a protein of similar size. It appears, therefore, that
the native state of the prion protein undergoes substantial fluctuations in enthalpy and hence, in structure.INTRODUCTIONThe prion protein appears to possess unusual structural plas-
ticity. Unlike the case with virtually any other protein, an
interaction of the native cellular prion protein (PrPC) with
its infectious, misfolded, conformational isoform, the
scrapie prion protein (PrPSc) results in the autocatalytic con-
version of PrPC to PrPSc (1). This process termed the prion
phenomenon, has been implicated in fatal neurodegenera-
tive diseases (2), characterized by motor disfunctioning
and cerebral amyloidosis (3). It has been observed that
when PrPC from one species interacts with PrPSc from other
species, a multitude of conformationally different PrPSc
strains form (4,5). The easy convertibility of PrPC is indic-
ative of a conformationally flexible native form that may
result in infinite prionability (6). The conformational flexi-
bility of the native form is reported to be critical in prion
conversion (7). It seems possible that structural fluctuations
in PrPC might drive the formation of a sparsely populated
nonnative conformation capable of forming misfolded olig-
omers, thereby initiating the conversion of monomer to the
misfolded conformation.
Three-dimensional NMR-derived structures of the re-
combinant mouse (8), human (9), and Syrian hamster (10)
prion proteins have revealed that the native prion protein
consists of a disordered N-terminal domain (NTD), and a
structured C-terminal domain (CTD) comprised of three
a-helices and two short b-strands. A disulphide bond be-
tween C179 in the second helix and C214 in the third helix
is critical for maintaining the integrity of the protein (11).
The unusual structural flexibility of the prion protein mani-
fests itself in several ways. It results in very few amide
hydrogen sites in the CTD of monomeric, recombinant
human prion protein (huPrP) and full-length mouse prionSubmitted May 29, 2013, and accepted for publication November 27, 2013.
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0006-3495/14/01/0410/11 $2.00protein (moPrP (23–231)) being protected against hydrogen
exchange with the solvent (12,13), compared to the number
observed for other proteins of comparable size. It is apparent
in the ability of huPrP to undergo domain swapping, where a
dimer is formed by the swapping of the helix 3 region along
with rearrangement of the disulphide bond (14). It is further
apparent in the ability of the monomeric a-helical protein to
also exist in an alternate, toxic, a-helical conformation (15).
Unfolded prion protein, too, has been shown to form several
alternative misfolded monomeric structures (16). Such
conformational flexibility in both the folded and unfolded
prion proteins may result in conformers that act as precur-
sors for various types of PrPSc forms. When conformational
flexibility in the folded monomeric protein was constrained
artificially by introducing an additional disulphide linkage,
oligomerization was found to be restrained (17). Not sur-
prisingly, then, the monomeric protein can be made to
convert into different types of aggregated forms under
different experimental conditions (17–20).
Studies involving molecular dynamics simulations have
attempted to elucidate qualitatively the dynamic nature of
the native prion protein (21,22). These studies report high
fluctuations in the loop region after b2, in the segment
connecting helices 2 and 3, and in the N-terminus of helix1.
Nevertheless, a quantitative understanding of native-state
flexibility and dynamic behavior of the native prion pro-
tein has not yet been achieved. An important step in under-
standing such flexibility of structure quantitatively is to
understand the stability of the protein in terms of thermo-
dynamic parameters whose magnitudes are determined by
structural features such as the nature and extent of the
packing interactions present in the native state, the hydra-
tion of individual residues, and protein size. These thermo-
dynamic parameters are expected to have low magnitudes
for an apparently flexible protein such as the CTD of the
prion protein (23).http://dx.doi.org/10.1016/j.bpj.2013.11.4491
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been studied well. Chemical denaturation studies on the
CTD of moPrP (moPrP (121–231)) have reported no signif-
icant difference between the stabilities of disease-associated
mutant variants and that of the wild-type protein (24). Ther-
mal denaturation studies on the CTD of huPrP (90–231)
yielded similar results (25). Recent NMR-monitored studies
of urea-induced unfolding at pH 7 have reported the CTD of
the bovine protein to be the most stable, followed by those
of the rabbit, mouse, and Syrian hamster proteins (26,27).
Interestingly, these studies showed differential stabilities of
different structured parts of the prion protein to urea denatur-
ation, with the b2 strand being the most unstable, suggesting
that the unfolding process involves many microscopic inter-
mediates. Guanidine-hydrochloride-induced unfolding of
huPrP has been reported to have two-state transitions be-
tween pH 5 and pH 7, but a monomeric, b-sheet-rich unfold-
ing intermediate may get populated below pH 5 at higher
ionic strength (28). Although this study also reported that
the NTD has no effect on the stability of the CTD, more
recent pressure-induced denaturation studies of the moPrP
have reported that stability decreases and the propensity to
aggregate increases in N-terminal-deletion mutant variants
(29). Hence, the role of the NTD in determining prion protein
stability requires further study. It is particularly important to
understand the factors governing the stability and dynamics
of the prion protein, because it is known that thermodynamic
stabilization of the CTD of the PrP inhibits prion infection
in vivo (30).
In this work, two separate studies of the thermodynamics
of prion protein unfolding have been carried out at pH 4,
with both the recombinant full length moPrP (23–231) and
its structured CTD, moPrP (121–231). An experimental
condition has been found where unfolding of the native
prion protein is a two state process that is essential for
determination of thermodynamic parameters. A combined
analysis of circular-dichroism (CD)-monitored isothermal
denaturant-induced unfolding transitions and thermally
induced unfolding transitions in the presence of different
denaturant concentrations, along with calorimetric studies,
has been carried out to determine the thermodynamic prop-
erties. The two protein variants are shown to be remarkably
similar in stability and thermodynamic properties. A com-
parison of enthalpy, entropy and heat capacity changes
with those of other globular proteins of similar size indicate
a conformationally flexible and malleable native state.EXPERIMENTAL PROCEDURES
A detailed description of materials and methods used in this study are given
in the Supporting Material. Briefly, isothermal urea-induced unfolding of
moPrP (23–231) and moPrP (121–231) across a wide range of tempera-
tures, and thermally induced unfolding across a wide range of denaturant
concentrations, was monitored using far-ultraviolet CD spectroscopy. All
data were collected using a protein concentration of 10 mM. Each transition
was analyzed to obtain the stability, DG0, at a specific temperature and ureaconcentration, as described in the Supporting Material. Stability plots of
DG0 versus temperature in the absence and presence of denaturant were
fit to Eqs. S4 and S16, respectively, in the Supporting Material, yielding
values of the enthalpy, DH0, entropy, DS0, heat capacity, DC0P, and midpoint
of thermal denaturation temperature, T0g, at different denaturant concentra-
tions. Differential scanning calorimetric measurements of the two prion var-
iants were made in the absence of denaturant to confirm thermal unfolding
to be a two-state process.
Accessible surface area calculations of six proteins were made using the
program PSA, and the enthalpy and entropy of hydration and internal inter-
actions were calculated.RESULTS
Effect of temperature on the stability of the prion
protein
Isothermal urea-induced unfolding studies of moPrP (23–
231) and moPrP (121–231) were performed at temperatures
ranging from 276 K to 313 K. Thermally induced unfolding
studies were done at concentrations of urea ranging from
0 to 3 M. In both types of studies, unfolding was monitored
by far-ultraviolet CD at 222 nm. Thermally induced unfold-
ing of native protein was also monitored by differential
scanning calorimetry.
Fig. 1, a and b, shows representative urea-induced equilib-
rium unfolding transitions of moPrP (23–231) and moPrP
(121–231), respectively, at three different temperatures:
276 K, 298 K, and 313 K. The unfolding transitions show
that the stabilities of the two proteins decrease with an
increase in temperature. Fig. 1, c and d, show thermally
induced equilibrium unfolding transitions of moPrP (23–
231) and moPrP (121–231), respectively. The changes in
enthalpy associated with the unfolding transition obtained
from van’t Hoff plots of ln Kapp versus 1/T (see Eq. S21;
Fig. 1, c and d, insets) are 55 kcal mole1 and 49 kcal mole1
at Tg values of 336.8 K and 338.0 K for moPrP (23–231) and
moPrP (121–231), respectively. All equilibrium unfolding
transitions, urea-induced or thermally induced, were found
to be completely reversible. Theywere also found to be inde-
pendent of protein concentration in the range 5–20 mM
(Fig. S1). All subsequent optically monitored equilibrium
unfolding curves were determined using a protein
concentration of 10 mM.
Fig. 1, e and f, shows the temperature dependences of the
partial specific heat capacities of the two proteins. Two-state
fits to the thermal scans gave values for DHg (DHcal) of
53.65 2.9 kcal mole1 and 51.25 3.0 kcal mole1 at Tg
values of 337.05 0.1 K and 3375 0.9 K for moPrP (23–
231) and moPrP (121–231), respectively. The calorimetric
van’tHoff values forDHg (DHvH) are 54.15 2.2 kcalmole
1
and 51.85 1.3 kcal mole1 for moPrP (23–231) and moPrP
(121–231), respectively. These values for DHg for the two
proteins from calorimetry agreewell with the values obtained
for the corresponding proteins from van’t Hoff plots of the
CD-determined thermally induced unfolding transitions.
This agreement confirms the two-state nature of the thermalBiophysical Journal 106(2) 410–420
FIGURE 1 Determination of stability at pH 4 by isothermal urea-induced
and thermally induced equilibrium unfolding of mouse prion protein. (a and
b) Urea-induced unfolding transitions monitored by a change in mean res-
idue ellipticity at 222 nm are shown for moPrP (23–231) (a) and moPrP
(121–231) (b). The fraction of protein in the unfolded form, fU, determined
by using Eq. S19, is plotted against the concentration of urea at three
different temperatures, 276 K (triangles), 298 K (inverted triangles), and
313 K (squares).The solid lines through the data are nonlinear least-squares
fits of the data to Eq. S20 and yield values for DG, mG, and Cm as reported
in Table S1. (c and d) Thermally induced unfolding transitions in the
absence of urea (circles) are shown for moPrP (23–231) (c) and for moPrP
(121–231) (d). The fraction of protein in the unfolded form, fU, is plotted
against temperature. The solid lines through the data are nonlinear least-
squares fits of the data to Eq. S24. (Insets) Linear least-squares fits through
van’t Hoff plots (ln Kapp versus 1/T) obtained from thermal denaturation
curves are shown. (e and f) Baseline-subtracted differential scanning
calorimetry scans for moPrP (23–231) (e) and moPrP (121–231) (f) with
two-state fits through the data shown as black dashed lines.
412 Moulick and Udgaonkarequilibrium unfolding transitions of both moPrP (23–231)
and moPrP (121–231).
The two-state analyses of the urea-induced unfolding
transitions of moPrP (23–231) and moPrP (121–231)
yielded values for DG, mG, and Cm (see Fig. 2). Fig. 2 a
shows a stability curve of the dependence of DG on temper-
ature, obtained from urea-induced unfolding transitions of
moPrP (23–231) and moPrP (121–231) in the temperature
range 276–313 K, and from thermally induced unfoldingBiophysical Journal 106(2) 410–420transitions at temperatures >313 K. Individual fits of the
DG data for each of the two proteins to Eq. S4 yielded ther-
modynamic parameters that are indistinguishable from a fit
of the combined DG data for the two proteins. The values
not only of DG but also of mG and Cm are similar within
experimental error for both proteins. Fig. 2, b and c, shows
the temperature dependences of mG and Cm for the two pro-
teins. mG is seen to have a weak dependence on temperature.
Table S1 shows that the values of DG, mG, and Cm are iden-
tical for both proteins at all temperatures at which these
parameters were determined.
Fig. 3 shows the mean residue ellipticity values at
different temperatures and urea concentrations obtained
from the urea-induced unfolding transitions and the ther-
mally induced unfolding transitions of both proteins. It is
observed that as the denaturant concentration is increased,
T0g and the thermal stability decrease, as expected. It is
also observed that the mean residue ellipticity at 222 nm
of completely unfolded protein in 5 M urea decreases line-
arly with an increase in temperature. At very high tem-
perature, it appears that the values of the mean residue
ellipticities at 222 nm at different urea concentrations
converge, within experimental error, to a common value
of 4000 degrees cm2 dmole1. This value is higher
than the value expected (2600 degrees cm2 dmole1) for
a random coil conformation of a polypeptide chain (31),
and indicates that the unfolded state has ~10% of the sec-
ondary structure present in the native protein. Fig. S2 shows
that the mean residue ellipticity at 222 nm of thermally
unfolded protein at 360 K (where the protein appears
unfolded even in the absence of urea) has a linear depen-
dence on urea concentration, and no cooperative transition
is seen. The data in Fig. 3 and Fig. S2 indicate that the
mean residue ellipticity at 222 nm of unfolded protein has
a linear dependence on urea concentration as well as on tem-
perature. It should be noted that the slopes of the unfolded
protein baselines, both of urea-induced unfolding curves
and of thermally induced unfolding transitions, are indepen-
dent of protein concentration in the range 5–20 mM
(Fig. S1).The absorbance of protein samples that had been
subject to either urea-induced or thermally induced unfold-
ing (Fig. 3) was zero at and above 320 nm (data not shown),
confirming that the protein does not oligomerize during
unfolding.Stability curves
A combined analysis of the isothermal urea-induced unfold-
ing transitions obtained at temperatures ranging from 276 K
to 313 K, and of the thermally induced unfolding transitions
at defined urea concentrations ranging from 0 to 3 M, yield
plots of free energy with respect to temperature. Fig. 4, a
and b, shows such stability curves for moPrP (23–231)
and moPrP (121–231) at varying urea concentrations. The
DG0 values obtained from thermally induced unfolding are
FIGURE 2 Temperature dependences of DG,
mG, and Cm. (a) Data from isothermal urea-
induced unfolding transition (circles and squares)
curves and thermally induced unfolding transition
(triangles and inverted triangles) curves are
shown for moPrP (23–231) and moPrP (121–
231), respectively. The solid line through the com-
bined DG data of moPrP (23–231) and moPrP
(121–231) is a nonlinear least-squares fit to Eq.
S4. The values obtained for DHg, Tg, and DCP
are listed in Table 1. The green dashed and red
dashed lines are fits of the DG data of moPrP
(23–231) and moPrP (121–231), respectively, to
Eq. S4, and both individual fits are virtually iden-
tical with the combined fit. (b and c) mG values for moPrP (23–231) and moPrP (121–231) (b) and Cm values for moPrP (23–231) and moPrP (121–231)
(c) as obtained from a two-state analysis of the isothermal urea-induced unfolding transitions. In both b and c, circles represent data for moPrP (23–231)
and squares represent data for moPrP (121–231). The error bars represent the mean5 SD obtained from three independent experiments. To see this figure
in color, go online.
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induced unfolding. It is seen that at each urea concentration,
the stability curve of moPrP (23–231) overlays completely
on the stability curve of moPrP (121–231). Hence, the
data for the two proteins at any denaturant concentration
were fit together to Eq. S16, just as the stability data for
the two proteins in the absence of urea were fit together to
Eq. S4. The values obtained from such combined fits for
DH0g, T0g and DC0P are listed in Table 1. As expected, the
values of T0g agree well with the values obtained by directly
fitting the thermally induced unfolding transitions to Eq.
S24. It should be noted that although in the temperature
range studied each stability curve does not show a decrease
in DG0 values at lower temperatures, sufficient curvature is
observed in each stability curve for reliable values of DC0P
to be obtained (see below).The value of DCP for moPrP
(121–231) from calorimetric studies is 780 5 20 cal K1
mole1, similar to the value of 790 5 40 cal K1 mole1obtained from the combined stability plots. The value of
DCP for moPrP (23–231) could not be determined because
of the high slopes of the native and unfolded protein base-
lines that made them intersect in the middle of the thermal
transition.Evaluation of the actual enthalpy change of
unfolding
The data in Figs. 3 and 4 and in Table 1 show that the tem-
perature of heat denaturation, T0g, can be varied over a 30 K
range by varying urea concentration. Analysis of the data in
Fig. 4 yields the value of DH0g at each temperature, T0g. The
value of DH0g at T0g includes the contribution DH0i(T0g).[D],
where DH0i(T0g) is the preferential enthalpy of interaction
of urea with the unfolded state relative to that with the
folded state. Hence, the value of DH0g has to be corrected
to obtain the true DH0g (DH0g cor) at T0g by subtracting outFIGURE 3 Dependences of the mean residue
ellipticity at 222 nm on temperature and urea con-
centration. (a–c) Unfolding transitions for moPrP
(23–231). (d–f) Unfolding transitions for moPrP
(121–231). Open and closed symbols were ob-
tained from thermally and urea-induced unfolding
transitions, respectively. The straight dashed lines
represent the globally unfolded (top lines) and
folded protein (bottom lines) baselines. The former
is a linear, least-squares fit to data obtained in the
presence of 5 M urea, whereas the latter varies
for 0 to 3 M urea. (a and d) Data for 0 M (circles),
1.5 M (diamonds), 3 M (triangles), and 5 M urea
(squares). (b and e) Data for 0.5 M (triangles),
2 M (hexagons); and 5 M urea (squares).
(c and f) Data for 1 M (inverted triangles), 2.5 M
(circles), and 5 M urea (squares).
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FIGURE 4 Stability curves of mouse prion protein at pH 4 in the pres-
ence of different concentrations of urea. DG0 values at each temperature
and each urea concentration from 0 to 3 M were determined from the
data shown in Fig. 3. (a and b) Stability curves for moPrP (23–231) and
moPrP (121–231) at different concentrations of urea: 0 M (circles), 1 M
(squares), 2 M (triangles), and 3 M ( symbols) (a); and 0.5 M (inverted
triangles), 1.5 M (diamonds), and 2.5 M (hexagons) (b). The black and
red symbols represent data for moPrP (23–231) and moPrP (121–231),
respectively. The symbols in the temperature range 276–313 K refer to
data from isothermal urea-induced unfolding transitions, and symbols at
other temperatures refer to data from thermal unfolding transitions. For
different concentrations of urea, the DG0 values in the temperature range
276–313 K were obtained from isothermal unfolding transitions determined
at these temperatures by linear extrapolation of DG using Eq. S5B. Each
stability curve was analyzed using a nonlinear least-squares fit to the
combined DG0 data for moPrP (23–231) and moPrP (121–231), using Eq.
S16 and the values for DH0g, T0g and DC0P were determined for each urea
concentration listed in Table 1. Nonlinear least-squares fits of the
individual stability plots of moPrP (23–231) and moPrP (121–231) to
Eq. S16 yielded similar values for the parameters and hence have not
been shown here.
414 Moulick and Udgaonkarthe DH0i(T0g).[D]. The dependence of DHi on temperature,
DH0I, is known from the data in Fig. S4 and hence the value
at T0g (DH0i(T0g)) can be determined. Fig. 5 a shows the
dependence of DH0g cor on T0g. The slope of this dependence
gives a value of DC0P. The value of DC0P is very similar
to the value for DC0P obtained from the stability curves
(Fig. 4), confirming the robustness of the values obtained
from the analysis of the stability curves (see above). The
dependence of DC0P on urea concentration is shown in
Fig. 5 b. DC0P is negligibly affected by urea with a depen-
dence, DC0Pi, of 24 cal K
1 mole1 M1.TABLE 1 Thermodynamic parameters governing the thermal dena
Urea (M) T0g (K) DH0g (kcal mole
1) DS0g (cal mole
1 K1)
0 337.4 58 172
0.5 333.7 53 159
1 329.8 49 148
1.5 327.0 42 129
2 321.9 37 114
2.5 315.4 33 104
3 308.7 24 79
DH0g andDS0g are values at temperature T0g.DH0g,DS0g andDC0P are values obta
in Fig. 4. T0h and T0s are determined using Eqs. S25 and S26, respectively. DG0s
between 5% and 10%.
Biophysical Journal 106(2) 410–420Evaluation of the native-state heat capacity
Differential scanning calorimetry was used to measure the
heat capacity as a function of temperature of different con-
centrations of moPrP (121–231) in the range 10–30 mM.
Fig. 6 a shows two representative differential calorimetric
scans of moPrP (121–231) at protein concentrations of 10
and 30 mM. Fig. 6 b shows the heat capacity, CP, at 298 K
as a function of the mass of protein. This slope was used
with Eq. S30 to calculate the absolute heat capacity of the
native state (32) using a partial volume of 0.730 mL g1
(33), and the calculations yielded a value for the native-state
heat capacity of 0.590 cal K1 g1.Urea-induced unfolding of moPrP at pH 7 and pH
4 in the presence of salt
The overlapping urea-induced equilibrium unfolding transi-
tions of moPrP (23–231) and moPrP (121–231) at pH 4 in-
dicates that the disordered NTD does not interact with the
structured CTD at this pH, and hence does not contribute
to the stability or to any other thermodynamic property. At
pH 7, however, in good agreement with earlier studies
(24), the urea-induced equilibrium unfolding transitions of
the two proteins are not coincident and show a difference
in stability (Fig. S6 a).
Previous studies had indicated that urea-induced unfold-
ing at pH 4 in the presence of NaCl proceeds through an in-
termediate that forms oligomers (34,35). Fig. S6 b shows the
urea-induced unfolding transition of moPrP (23–231) at pH
4 in the presence of 100 mM sodium chloride. The transition
is broad and cannot be fit to a two-state model. Similar
studies with moPrP (121–231) also yield similar results
(data not shown). A size-exclusion profile of protein equil-
ibrated in a concentration of urea near the midpoint of the
transition indicates the presence of oligomeric forms that
elute out in the void volume of the column (Fig. S6 b, inset,
red). However, in the absence of salt, urea-induced unfold-
ing is a two-state process, as shown in Fig. 1 a and Fig. S6 b
(inset, dashed black line), and there is no evidence for any
oligomeric intermediate state. It is for this reason that all
urea-induced unfolding studies described in this report
were carried out in the absence of added salt.turation of the mouse prion protein at pH 4
T0h (K) T0s (K) DG0s (kcal mole
1) DC0P (cal mole
1 K1)
263.9 271.3 5.9 790
264.4 271.1 5.1 765
268.0 273.4 4.3 788
269.5 274.3 3.5 732
272.1 275.7 2.7 734
278.0 280.1 1.9 876
280.0 281.2 1.1 846
ined from nonlinear least-squares fits to the combined stability curves shown
is determined using Eq. S27. Errors in the thermodynamic parameters were
FIGURE 5 DC0P of unfolding of the mouse prion protein at pH 4. (a)
Dependence of DH0g cor on T0g. The value of DH0g determined at each
T0g, at different urea concentrations in the range 0–3 M is corrected for
the enthalpy of interaction of the denaturant using Eq. S17 and plotted
against T0g. The slope of the linear least-squares fit through the data repre-
sents an apparent DC0P of 763 5 61 cal K
1 mole1. (b) Dependence of
DC0P on urea concentration. The solid line through the data is a linear
least-squares fit using Eq. S8. The slope and intercept are 24 cal K1
mole1 M1 and 7545 35 cal K1 mole1, respectively. Error bars repre-
sent the standard errors determined from nonlinear least-squares analysis of
the stability curves in Fig. 4 to Eq. S16.
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In this study, the thermodynamics of unfolding ofmoPrPwas
studied at pH 4. Several in vitro studies have reported that
PrPC has a higher propensity to convert into misfolded forms
at low pH and in the presence of high salt concentration (34–
36). In vivo studies have also indicated that the conversion of
PrPC into PrPSc may take place in endosomal compartments
of cells where the cellular environment is acidic (37,38).
Hence, it was important to understand native-state inter-
actions, packing of residues, and stability at acidic pH.
Moreover, it was not possible to carry out a detailed ther-
modynamic characterization at pH 7, because thermally
induced unfolding of moPrP at pH 7 is irreversible and leads
to precipitation of the protein, unlike that of huPrP (90–231)FIGURE 6 Measurement of absolute native-state heat capacity of moPrP
(121–231). (a) Representative calorimetric scans obtained at protein con-
centrations of 10 mM (dashed line) and 30 mM (solid line). (b) Plot of
heat capacity, CP, at 298 K versus the mass of protein in the calorimetric
cell. The linear least-squares fit to the data represent the dependence
of heat capacity on the mass of the protein and yield a slope of
0.140 mcal K1 mg1.(25). It was also important for a full thermodynamic study
that unfolding be a two-state reaction, and hence, all exper-
iments were done in the absence of added salt because it is
known (Fig. S6) that the protein forms an oligomeric inter-
mediate at higher ionic strength. The data in Fig. 1 confirm
the two-state nature of the unfolding reaction under the
experimental conditions utilized in this study.
Moreover, in this study, the thermodynamics of unfolding
of full-length moPrP (23–231) has been compared to that of
the CTD moPrP (121–231), to evaluate the contribution of
the NTD to the stability of moPrP. The disordered NTD
can form partial structure in its octapeptide repeat region
under some conditions (39), can interact with a wide range
of molecules such as lipids, RNA, and heparin sulfate gly-
cosaminoglycans, can modulate prion protein aggregation
(29,40–42), and appears to be important for prion protein
function. Hence, it was important to understand the role,
if any, of the NTD in modulating prion protein stability.The presence of the NTD does not affect stability
at pH 4 but does at pH 7
It is known that even a single amino acid residue N-terminal
extension to the sequence of a protein may affect its stability
(43–46). It is therefore remarkable that the 99 residue disor-
dered NTD of moPrP does not affect the stability of the pro-
tein at pH 4 (Table S1). On the other hand, the NTD does
affect stability at pH 7. There are two possible explanations.
One possibility is that deprotonation of one or more residues
in either the CTD or the NTD at pH 7 allows the NTD to
interact with the CTD, presumably through electrostatic in-
teractions, which consequently modulates stability at pH 7.
The other possibility is that the NTD in moPrP (23–231) is
partially structured at pH 7 but not at pH 4, as has been re-
ported (39). Such structure might be expected to enhance
the stability of moPrP (23–231) at pH 7, but only a marginal
increase in stability is observed from our studies (Fig. 1 and
Fig. S6). On the other hand, the increase in the stability of
moPrP (121–231) upon increasing pH from 4 to 7 is signif-
icantly higher (Figs. 1 a and S6 a), in agreement with previ-
ous studies on huPrP (28). Hence, at pH 7, moPrP (121–231)
is more stable than moPrP (23–231) by 1 kcal mole1
(Fig. S6 a). Thus, it is unlikely that any significant stabilizing
structure is present in the NTD of moPrP (23–231) at pH 7.
Not only are the free energies of unfolding, DG, of moPrP
(23–231) and moPrP (121–231) identical at each of the tem-
peratures at which the stabilities are measured, but so are the
dependences of these values on urea concentration, given by
mG. mG, which is a measure of the surface area exposed
upon unfolding, scales linearly with protein size (47), and
the value of mG for the structured moPrP (121–231) is as
expected for a protein of its size. The observation that the
values of mG for moPrP (23–231) and moPrP (121–231)
are identical at each of the temperatures at which they
were determined at pH 4, supports the conclusion that nativeBiophysical Journal 106(2) 410–420
416 Moulick and UdgaonkarmoPrP (23–231) does not possess any structure in its NTD at
pH 4, because unfolding of that structure would have led to
an increase in exposed surface area upon the unfolding of
moPrP (23–231) relative to the unfolding of moPrP (121–
231). The weak dependence of mG (Figs. 2 b and S4 c) on
temperature is explained by the very small magnitude of
DCPi (24 cal K
1 mole1 M1).
In addition to the magnitudes of DG and mG (or DGi)
being identical for moPrP (23–231) and moPrP (121–231)
at pH 4 (see Table S1), the stability curves from the CD-
monitored unfolding transitions (Fig. 3) yield similar values
of DHg, Tg, and DCP for the two proteins. Indeed all thermo-
dynamic parameters are identical for moPrP (23–231) and
moPrP (121–231) across the range of urea concentrations
as well as the temperatures studied (see Table 1).
The thermodynamic parameters listed in Table 1 and
Fig. S5 indicate that in 3.57 M urea and at a temperature
of 282.7 K, T0s ¼ T0h and DG0 ¼ DH0 ¼ DS0 ¼ 0. Under
this unique unfolding condition, the folded and unfolded
states, present in equal amounts, will not differ in either
enthalpy or entropy. In future studies, it will be important
to determine how the folded and unfolded states differ
in structural terms, and what the nature of the folding and un-
folding transitions is, under this unique unfolding condition.Enthalpy and entropy of unfolding
One goal of this study was to determine whether the thermo-
dynamic parameters governing the unfolding of moPrP have
unusual values compared to the values obtained for other
globular proteins. It is possible to dissect the enthalpy and
entropy changes into two components, with one component
(DHhyd, DShyd) originating from the change in the hydration
of polar and nonpolar moieties upon unfolding, and the
other component (DHint, DSint) originating from the changes
in the internal interactions and conformational entropy upon
unfolding (48,49). Using model compound data and calcu-
lating the changes in nonpolar and polar surface area upon
unfolding (see Methods in the Supporting Material), DHhyd
and DShyd for moPrP (121–231) were determined, from
which DHint and DSint were then determined (Table S2).
Here, the values of DHexp and DSexp at different tempera-
tures, for the proteins to which moPrP is being compared,
were taken from Robertson and Murphy (50).
DHhyd favors unfolding, but DShyd favors folding because
of the increase in the disorder of the water molecules
that are released from hydrogen bonding upon folding
(Fig. S4). Hence, as reported previously for other proteins
(48,49,51), overall, hydration favors unfolding, more so at
lower temperatures, where it would be responsible for
cold denaturation. But it should be noted that there might
be an error in the estimation of the contribution of peptide
solvation to DHhyd when monoamide solvation data are
used, because electrostatic interactions between dipoles of
neighboring peptide groups in the peptide backbone (theBiophysical Journal 106(2) 410–420peptide desolvation penalty) are not taken into account
(52,53); indeed, the burial of polar groups has been reported
to contribute substantially to protein stability (54). Never-
theless, it seems still possible to compare DHhyd, DShyd,
DHint, and DSint for moPrP (121–231) to proteins of similar
size, for the purpose of determining whether moPrP is
unusual in its thermodynamic properties.
DHint represents the change in van der Waals interactions
and interactions between polar groups during unfolding of
the protein in vacuum and is known to decrease slightly
with temperature due to thermal expansion of the native
state (55), N, as observed in Fig. S7 b. DSint favors unfold-
ing, because that leads to an increase in the disorder of the
polypeptide and the side chains and destabilizes the N state
more at higher temperature (Fig. S7 d). Hence, as reported
for the other proteins (48,49,51) overall, internal interac-
tions (hydrogen bonding and van der Waals interactions)
are seen to be responsible for stabilizing the N state because
of their strong enthalpic contributions. The observation that
these thermodynamic parameters for moPrP (121–231) are
similar in value to those for other globular proteins
(Fig. S7) suggests in particular that the extent of packing
interactions in the structured part of moPrP is not much
different from that in other globular proteins. However, it
could also be the case that these parameters do not depend
on packing density, and, in fact, it has been suggested that
the enthalpy of unfolding (per amino acid residue) is inde-
pendent of packing density for globular proteins (56).
A comparison of the temperature dependences of DHhydnpl
and DShydnpl for moPrP (121–231) to the values calculated
for the other reference proteins (Fig. S8) shows that the
values of either parameter are nearly identical for moPrP
and all the other proteins at all temperatures, and that the
negative values of DHhydnpl and DS
hyd
npl decrease in magnitude
to become zero at 366 K and 397 K, respectively (Fig. S8,
a and c), as reported previously (48,49). The significance
of these temperatures still needs to be understood. For
moPrP (121–231) and the other proteins, DHhydpol favors un-
folding, whereas DShydpol favors folding. Overall, the hydra-
tion of polar parts favors unfolding, much more than the
hydration of nonpolar parts favors folding. Although both
DShydpol and DS
hyd
npl favor folding, the contribution of polar
hydration to the overall entropy of hydration is more than
that of nonpolar hydration. The observation that the hydra-
tion of nonpolar surface as well as internal interactions (van
der Waals and hydrogen bonding) both stabilize moPrP to a
substantial extent, is in agreement with a recent study of the
relative contribution of hydrophobic interactions to protein
stability (57).Change in heat capacity
Protein unfolding reactions are characterized by a large pos-
itive increase in heat capacity (DCP), which is thought to
have a contribution not only from the hydrophobic effect
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upon unfolding) but also from changes in electrostatic inter-
actions, hydrogen bonding, conformational entropy, and in-
tramolecular vibrational modes upon unfolding (58,59).
From a study of 49 different proteins (50), it is known that
DCP is accurately proportional to NR, the number of resi-
dues in a protein, and that the value of DCP/NR is 13.9 5
0.5 cal K1 mole1.The value of DCP/NR for moPrP
(121–231) is, however, only 7.2 cal K1 mole1, about
half the expected value.
Studies of the dependence of DCP on the change in acces-
sible surface area upon unfolding (47) have shown that a
change in the hydration of nonpolar surface area is the pre-
dominant positive contributor to the DCP of unfolding,
whereas the change in polar surface area makes a smaller,
negative contribution to the DCP of unfolding. For moPrP
(121–231), the changes in polar, nonpolar, and total acces-
sible surface areas are 4989 A˚2, 6069 A˚2, and 11,058 A˚2,
respectively, which are the values expected for a protein
of its size (50). The observation that the increase in polar
surface area upon unfolding, which can be attributed to helix
unfolding, is as expected and not excessively large, indicates
that the observed value of DCP/NR is not low because of the
decrease in heat capacity associated with helix unfolding,
for which DCP/NR¼ 7.5 cal K1 mole1 (60).
Fig. S9 shows the DCP values for moPrP (121–231) and
40 other reference globular proteins (50), plotted against
the changes in their accessible nonpolar surface area upon
unfolding. It is to be noted here that the nonpolar accessible
surface areas of all proteins have been corrected for the ef-
fect of disulphides (if present, as described in the Supporting
Material), which increase compactness in the unfolded state,
thereby reducing the unfolded-state accessible surface area
(47). A major outcome of this study is the observation that
the DCP/NR of unfolding for moPrP (121–231) has almost
half the value predicted for a protein with a similar change
in average nonpolar accessible surface area.
The simplest explanation for the low heat capacity change
upon unfolding would be that the native state of moPrP
(121–231) is not as well packed as the native states of other
proteins (23), but this explanation is not validated by the
observation that both DCP/NR and DH/NR for unfolding
are independent of packing density in globular proteins
(56). In any case, the value of DHint for moPrP (121–231)
is as expected for a protein of its size and is comparable
to that of other globular proteins (Fig. S7 b).
The second explanation could be that residual structure is
present in the unfolded state. In that case, the change in
accessible nonpolar surface area upon unfolding of moPrP
(121–231) would be smaller, leading to a smaller value of
DCP. Native-state hydrogen-exchange studies with the Syr-
ian hamster and human prion proteins have shown that
~10 amide hydrogens belonging to both nonpolar and polar
residues adjacent to the disulphide bond formed by C179
and C214, are protected (superprotected) more than pre-dicted by the global stability of the protein, which suggests
that partial structure involving these residues is present
either in the unfolded state in native conditions or in a
high-energy intermediate (12,61).It is likely that the partial
structure is present in a high-energy intermediate, which has
been identified in kinetic studies (62), is responsible for the
superprotection against hydrogen exchange. If, however,
partial structure is also present in the unfolded state, as ap-
pears to be the case, since the mean residue ellipticity at
222 nm of the unfolded protein is ~15% of that of the native
state (see Results), it appears to involve the formation of a
cluster around the disulphide bond by only about 10 resi-
dues. Of the total area (~11,000 A˚2) that would be exposed
upon unfolding of moPrP (121–231) to a random coil, the
nonpolar surface area exposed would be 6069 A˚2, and of
this, only 753 A˚2 would be contributed by the 10 residues
with the superprotected amides. Thus, even if these residues
were to remain as buried in the unfolded state as they are in
the native state, the DCP value would be lower by only
~15%. In this context, it should also be noted that the mG
value which represents the total nonpolar and polar surface
area exposed upon unfolding, is what is expected for a pro-
tein of the size of moPrP (121–231). It therefore appears that
any structure in the unfolded state can account for the DCP
value being only ~15% less than its expected value, and not
50% less, as observed.
The observations that the value of DCP is essentially inde-
pendent of urea concentration (Fig. 5 b) and that the mean
residue ellipticity of the unfolded state changes linearly
with both an increase in urea concentration and an increase
in temperature (Fig. 3) suggest that the ellipticity may not
arise from specific structure that can melt in a cooperative
manner. The linear dependence of the mean residue ellip-
ticity of the unfolded protein on both temperature and
urea concentration has been seen for other proteins (63–
66) and possibly represents gradual structural change in
the unfolded state. It should also be noted that if there
were interactions present in any residual structure in the
unfolded state, and if they were more labile to an increase
in temperature than the interactions present in the native
state, then the enthalpy of the unfolded state would increase
more than that of the native state with an increase in temper-
ature, and the value of DCP would in fact be higher.
The most plausible explanation for the low DCP of un-
folding is an unusually high level of structural fluctuations
in the native state. Such fluctuations would lead to large
fluctuations in the enthalpy of the native state, and hence
to a higher heat capacity for the native state. The increase
in DCP upon unfolding for moPrP (121–231) would then
be smaller than for other proteins whose native states exhibit
lower levels of structural and enthalpy fluctuations. Indeed,
the value of the absolute heat capacity of the native state of
moPrP (121–231), 0.590 cal K1 g1 (Fig. 6), is much larger
than values reported for other proteins, which lie in the
range of 0.330–0.390 cal K1 g1 (67). A native state thatBiophysical Journal 106(2) 410–420
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formations that are less compact and hence more solvent-
accessible will result in a low heat-capacity change of
unfolding averaged over these conformations, as heat capac-
ity is additive with respect to its contributions mentioned
above (67). This result is in good agreement with native-
state hydrogen-deuterium exchange studies (13), where it
was observed that most parts of the CTD of moPrP (23–
231) exchange out rapidly, and that only 14 backbone amide
hydrogen atoms are protected and that, too, for a short time.
In contrast, other proteins of similar size, such as those with
which the prion protein is compared in Figs. S7 and S8, have
about three times the number of protected amide hydrogens,
and the level of protection is substantially larger (68–72).
This suggests that the fluctuations in the native state of
moPrP (121–231) are unusually large compared to those
in the native states of other proteins. Nevertheless, NMR
studies have identified only two short-sequence segments
within the CTD of moPrP, residues 167–171 and 188–193,
as flexibly disordered (73).CONCLUSION
The detailed characterization of the thermodynamics of un-
folding of the moPrP, carried out in this study, has strikingly
brought out its unusual structural malleability. The prion
protein appears to be highly dynamic in nature as reflected
in its high absolute native-state heat capacity and conse-
quent low change in heat capacity upon unfolding. The
highly dynamic nature of the prion protein would make it
more amenable to a change in conformation of the type
that leads to an aggregation-prone misfolded state (N*)
and to aggregation. Such aggregation-prone states have
been identified for other proteins too, and it appears that
the ease of accessibility of N* determines whether the
protein will aggregate on relevant timescales (74,75). The
results presented here suggest that the prion protein can
access aggregation-prone states with relative ease.
The observation that the NTD does not interact suffi-
ciently with the CTD to affect the stability of moPrP (23–
231) is surprising, because the NTD does modulate prion
protein aggregation. N-terminal deletion mutants have
a lower propensity to convert into aggregated forms (29)
while the presence of the NTD leads to bigger aggregates
as compared to those formed by only the CTD. In vivo
studies have reported that mice expressing N-terminally
truncated PrP develop disease more slowly and have lower
prion titers than mice expressing full-length PrP (41,76).
The NTD is also known to interact with Ab42 oligomers,
which may be critical in pathological conditions (77). It
will be important in future studies to understand how the
NTD interacts with the CTD to affect prion protein aggrega-
tion, and it is likely that the unusual malleability of the CTD
structure allows it to interact with the NTD in a manner that
modulates prion disease pathology.Biophysical Journal 106(2) 410–420SUPPORTING MATERIAL
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